AbstracL A selective and efficient protocol for the catalytic asymmetric cyclopropanation of allylic alcohols has been developed. The reaction involves preformation of the ethylzinc alkoxide of the alcohol and reaction with the FurukawdSimmons-Smith reagent. Zinc iodide has been shown to have a beneficial effect on the rate and enantioselectivity of the reaction. The structural variability in the allylic alcohol as been examined and the reaction was found to proceed smoothly with both E and Z allylic alcohols with one or two Psubstituents, but a-substitution was not well tolerated.
The asymmetric cyclopropanation of alkenes has become an area of considerable interest in the past decade. While considerable advances in the catalytic cyclopropanation of simple alkenes using diazoacetate as the carbenoid source are on record,l a general method for catalytic asymmetric methylene transfer is still lacking. Early studies on cyclopropanation of asymmetrically modified substrates such as ketals? acetals? enol ethers4 and allylic alcohols5a were rewarding. More recently Charette has described a stoichiometrically modified reagent which is capable of high levels of enan tioselec tivity . 5b Our interest in developing a catalytic enantioselective cyclopropanation of allylic alcohols which employed the Furukawa modification of the Simmons-Smith reaction led us to investigate the solution and solid state structure of bis(iodomethyl)zinc. 6 We recently described the optimization of a protocol for the enantioselective cyclopropanation of cinnamyl alcohol (1) with this reagent. using the bis(methanesulfonamide) of (R, R)-l,2cyclohexanediamine (2) as a catalyst (Scheme 1). We first established a set of control conditions which led to a low conversion in the absence of catalyst. In the presence of 10 mo196 of the diethylzinc complex of 2. the reaction proceeded rapidly under the Same conditions but with disappointing enantiomeric excess. This was especially surprising since Kobayashi has previously reported a similar cyclopropanation of 1 with the bis(benzenesu1fonamide) derivative of (R, R)-l,2-~yclohexanediamine in 78% enantiomeric excess? After careful scrutiny it was demonstrated the pre-formation of the ethylzinc alkoxide is crucial for achieving high enantiose1ectivity.g In addition, control and spectroscopic experiments have revealed that the zinc salt of the sulfonamide is the active form of the chiral promoter, although its structure is still uncertain. When the N,N-dimethyl derivative of 2 was employed (no active W s ) the product was formed at the same rate as in an unpromoted reaction and was racemic thus providing further support that the zinc sulfonamide is the active species.
An extensive optimization of the sulfonamide residue as well as the basic structure of the diamine component did not produce a catalyst more selective than the simple bis(methanesu1fonamide) (Z).gb However, as part of the optimization, it was found that the reaction displayed an induction period characteristic of autocatalysis (0, Figure 1 ). Since ZnI2 is the only necessary by-product in this reaction it was reasonable to speculate the this salt was involved in the formation of a catalytically active species as the reaction proceeds. Indeed, when zinc iodide was added at the beginning of the experiment, the induction period was eliminated and the enantioselectivity increased (with 100 mo1% of 21112, m). In addition, we have demonstrated that zinc iodide is also necessary for the formation of the catalytically active species which is stereochemically determinant. This is crucial since externally added zinc iodide also has been shown to accelerate the unpromoted reaction. Thus, as clearly shown in Figure   2 , without additional ZnI2, not only is there an induction period in rate (A), but more importantly we have demonstrated that the enantiomeric excess of the product changes with time (0). When ZnI2 is added at the outset, both the induction period and the time dependence of enantiomeric excess are eliminated. reaction was independent of the presence of the promoter and, not surprisingly, the product was racemic. This suggested that the zinc sulfonamide complex interacts with the zinc alkoxide in the substrate 1, not the reagent. If the reagent were asymmetrically modified, a difference in rate and some level of enantioselectivity would have been expected in the methyl ether as well.
In a second experiment, we investigated the ethylidenation of cinnamyl alcohol by the use of bis( 1-iodoethy1)zincg under the standard reaction conditions (Scheme 2). A control experiment in the absence of promoter gave the ethylidenation products in a 71/29, distaVproxima1 ratio. In the presence of promoter, this ratio changed slightly. Analysis of the enantiomeric composition of both diastereomers was possible by the use of chiral gas chromatography. It was found that the minor (proximal) isomer was more enantiomerically enriched (61% ee) in the ( l R , 2R, 3R) isomer. The major (distal) diastereomer was much less enantiomerically enriched (12% ee) but interestingly the major enantiomer was found to be the (lR, 2R, 3s) isomer. Thus, the same enantioface of cinnamyl alcohol reacted preferentially, again supporting the notion that the substrate is modified by the promoter, not the reagent. In the latter case, the same configuration at C(3) would. have been expected in the major enantiomer in the two diastereomers. While a reasonable mechanistic picture is currently difficult to formulate due to the absence of structural information on the nature of the reactive intermediates, the preparative scope and utility of the cyclopropanation has nonetheless been explored. Application of the standard reaction protocol shown in Scheme 3 to a series of allylic alcohols has revealed interesting trends (Charts 1 and 2) .
Chart 1
The results of catalytic asymmetric cyclopropanation of p-mono and P,P-disubstituted allylic alcohols are collected in Chart 1. The yields of analytically pure products along with the enantiomeric excesses of the products are shown. The reactions all proceeded smoothly and in high yield for all substrates in this subclass. The alkene can be both E and Z configured and can be conjugated or substituted with saturated residues. Multiple substitution at the p-terminus is well tolerated (66-8196 ee).
The catalytic asymmetric cyclopropanation of a,kdisubstituted and trisubstituted allylic alcohols was less successful (Chart 2). While the yields were excellent, the enantioselectivities were poor. The problem with this subclass is most likely the steric congestion around the zinc alkoxide and the resultant A192 strain that might interfere with the appropriate coordination of the chiral promoter or its preferred alignment. In addition, one example of a homoallylic alcohol is shown which also gave a poorly enantioselective reaction presumably due to the distance of the controller group from the akene. Finally, an optimized protocol was developed by a survey of ZnI2 sources and stoichiometry. It was found that the in-situ generation of ZnI2 (100 mo196) from diethylzinc and iodine gave the best results. In addition, when the diethylzinc was freshly distilled the enantioselectivities were uniformly higher. A selection of five substrates was chosen to illustrate the generality and superiority of this final protocol (Chart 3). The results of the standard protocol are shown in comparison to the optimized protocol (italic). It is noteworthy that the a,bdisubstituted substrate did not respond well. A general method for the catalytic asymmetric cyclopropanation of allylic alcohols has been developed. Current efforts are focused on the elucidation of the nature of the reactive zinc-containing species and the development of more selective catalysts.
